Four bluetongue virus (BTV)-seronegative heifers and 2 BTV-seropositive heifers were inoculated with the virulent strain UC-8 of BTV-11 between postbreeding days (PBD) 21 and 30. The heifers were observed for 10-18 days after inoculation for clinical signs, and pregnancy was monitored by ultrasound examination of the uterus and by plasma progesterone levels. Blood samples were collected daily after inoculation and processed for virus isolation and titration. Heifers were euthanized between PBD31 and PBD48, and tissues were collected for virologic and pathologic examination. All but 1 heifer inoculated on PBD21 remained pregnant after BTV inoculation, A cystic corpus luteum was found in the ovary of the nonpregnant heifer, but BTV was not isolated from the reproductive tract of this heifer. Three of the inoculated heifers that remained pregnant showed mild multifocal areas of perivascular lymphocytic infiltration in the ovary. BTV was reisolated from spleen and prescapular and peribronchial lymph nodes 10 days after inoculation from 3 of the 4 BTV-seronegative heifers. BTV was also reisolated from the uterus of 1 of the heifers that remained pregnant, but microscopic lesions were not found in this organ.
One major cause of infertility in animals is early embryo loss. 16 As a consequence of embryonic death, the length of calving intervals is increased. 36 Data of the Dairy Herd Improvement Association indicate that the economic losses due to an increase in calving intervals in the USA was more than $500 million per year 29 In spite of this detrimental effect, little is known about the causes of embryo mortality. In cattle, trichomoniasis, 3 vibriosis, 3 bovine viral diarrhea, 2,30 and infectious bovine rhinotracheitis 4,22,23,31 have been considered causes of embryo mortality. Epidemiologic and in vitro studies suggest that bluetongue virus (BTV) could also be associated with embryo death in cattle. 5, 6, 14 pathogenesis of viral infections of the embryo at this stage of gestation can be carried out with greater assurance of the events occurring in the uterus.
Embryo mortality may occur more frequently between postbreeding days (PBD) 1 and 18; 3 however, there are no reliable ways to determine pregnancy in the bovine at this stage of gestation. After 18 days postbreeding, plasma progesterone levels have been used to indirectly diagnose pregnancy. 1, 11 With the development of ultrasound technology, embryo viability can be evaluated by detecting the heart beat of the embryo after 4 weeks of pregnancy, 9 and studies of the At least 4 serotypes of BTV (BTV-10, BTV-11, BTV-13, BTV-17) affect the bovine fetus; 18 however, BTV serotype does not necessarily correlate with pathogenicity. Strain differences in virulence have been demonstrated for BTV-11. [33] [34] [35] Bovine fetuses inoculated with BTV-11/UC-8 during the last month of gestation were born weak, and interstitial pneumonia and glial nodules in the forebrain were found in postmortem examination. Those inoculated with BTV-11/UC-2 were born healthy, and no microscopic lesions were found. 34 The purpose of the study reported here was to determine if a virulent strain of BTV causes embryo mortality in the bovine between PBD21 and 48.
Materials and methods
Experimental design. Four heifers seronegative for precipitating antibodies and 2 heifers seropositive for precipitating and neutralizing (BTV 11) antibodies to BTV by the bluetongue virus immunodiffusion test (BTID) were inseminated with semen from a bull free of BTV. The animals were housed in insect-secure facilities. All animals were inoculated subcutaneously (SC) and intravenously (IV) with 8 x 10 8 plaque-forming units (pfu) of the cell culture-grown virulent strain BTV-11/UC-8 on either PBD 21 or PBD 30 (Table  1) . Pregnancy was determined by ultrasound scans of the uterus and corpus luteum (CL) and by assaying plasma for progesterone. Infection of the heifers was monitored daily from the day before virus inoculation until the end of the experiment for the presence of BTV in whole blood and of BTV precipitating antibodies in serum. Serum neutralizing antibodies were determined before and 10 days after inoculation. Heifers were euthanized between PBD31 and PBD 48, and tissues were collected for pathologic and virologic examinations. Tissues from 2 other BTV-seronegative and BTV-negative heifers were used as controls for pathologic and virologic examinations.
Clinical observations. Clinical examinations were conducted and rectal temperatures were determined twice daily after challenge. Febrile cattle were defined as those with rectal temperatures > 102.5 F (39.2 C).
Virus isolation from blood. Heparinized blood was collected just prior to challenge and daily thereafter until the end of the experiment. Blood samples were washed 3 times in phosphate-buffered saline (PBS) containing 100 U/ml penicillin and 100 µg/ml streptomycin, sonicated for 15 sec, clarified by centrifugation at 1,000 x g for 15 min, and inoculated onto Vero cells. 19 Virus titers were determined by the plaque-forming method as previously described. 32 One and 2 mo previous to BTV inoculation, blood samples from the heifers were prepared in the same way and inoculated into embryonating chicken eggs for virus isolation. 10 Serum antibodies. Serum antibodies to BTV were detected on a daily basis by the BTID test. 15 Neutralizing antibody titers were determined before BTV inoculation and 10 days after inoculation by the plaque reduction test as previously described. 19 Ultrasound. Ultrasound examination of the ovaries and uterus was performed every other day from PBD27 until the end of the experiment. Pregnancy was determined by the observation of the amniotic vesicle, the embryo, and/or the heartbeat of the embryo and by the presence of a CL in 1 of the ovaries. A multicrystal scanner a with a 5-MHZ probe was used. 9 Progesterone levels. Heparinized blood was collected on the day of insemination, on PBD 10, and daily from PBD 17 until the end of the experiment. Blood samples were chilled on ice and centrifuged at 2,100 rpm for 15 min at 4 C. The plasma was aspirated without disturbing the buffy coat and frozen until needed. Plasma progesterone levels were determined by a rapid solid phase microtiter plate enzyme immunoassay (EIA), 24 using progesterone 3-0-carboxymethyloime-horseradish peroxidase as the label and antiserum raised in rabbits to a progesterone 11 alpha-hemisuccinyl bovine serum albumin immunogen. A competitive reaction was used with a reaction time of 2 hr. 2,2'-azino-di-(3-ethylbenzthia- Figure 1 . Bluetongue virus isolation from the blood of cattle exposed to BTV-11. zoline sulfonic acid) diammonium salt was used as the substrate with a reaction time of 1 hr.
Evaluation of tissues. During necropsy, prescapular lymph node, peribronchial lymph node, spleen, and the complete reproductive tract were collected for virologic and pathologic examinations.
Virus isolation from tissues. Samples from ovary, oviduct, uterus, chorioallantoid, embryo, spleen, and peribronchial and prescapular lymph nodes were processed for virus isolation. All tissues were ground and prepared as 10% (w/v) suspensions in minimal essential medium containing 100 U/ml penicillin and 10 µg/ml streptomycin. The suspensions were sonicated twice for 15 sec and clarified by centrifugation at 1,000 x g for 15 min. 19 Supernatants were inoculated onto Vero cells for virus isolation. 26 Immunofluorescence. Frozen sections of prescapular lymph node, ovary, and uterus were cut in a cryostat and fixed in cold acetone for 10 min. An indirect immunofluorescence method was used to localize BTV proteins as previously described. A polyclonal rabbit anti-BTV antiserum was used as primary antibody, and a commercially available fluorescein isothiocianate conjugate of goat anti-rabbit IgG was used as secondary antibody. 20 BTV-infected and noninfected Vero cell cultures and tissues from 2 BTV-seronegative and BTV-negative heifers were used as controls.
In situ hybridization. Frozen sections of prescapular lymph node, ovary, and uterus were cut in a cryostat, fixed in buffered 4% paraformaldehyde, and stored in 70% ethanol until used. BTV-infected and noninfected Vero cell cultures and tissues from 2 BTV-seronegative and BTV-negative heifers were used as controls.
The ssRNA probe for in situ hybridization was prepared from a cDNA 1,300-bp clone of BTV-11 genome segment 6 subcloned into an RNA transcription vector. b,7 Prior to transcription, the recombinant plasmid was linearized with the EcoRI restriction enzyme that cleaves downstream relative to the cDNA insert and the T3 RNA promoter site. The transcription reactions were measured by using a T3 RNA polymerase kit. c This procedure generates anti-sense probe molecules. 7 Reaction mixtures included 200 µCi of 35 S-UTP (> 1,000 Ci/mmol) d and were incubated for 60 min at 37 C. RNA probes had an specific activity of 10 7 cpm/µg. Table 2 . Precipitating antibodies* in cattle exposed to BTV-11.
In situ hybridization was carried out as previously described 12 with slight modifications. Frozen sections of tissues were rehydrated in PBS/5 mM MgCl 2 for 10 min and then acetylated in 0.25% acetic anhydride/100 mM triethanolamine (pH 8.0) for 10 min. The slides were then rinsed in 2 x SSC (1 x SSC = 150 mM NaCl 2 15 mM sodium citrate), incubated in 100 mM glycine/100 mM Tris-HCl (pH 7.4) for 10 min, and stabilized in 50% formamide/2 x SSC until probe application. The probe was resuspended at a concentration of 5 ng/µl in hybridization solution (50% formamide, 2 x SSC, 20 mM vanadyl ribonucleoside complexes, 5% dextran sulfate, 10 mM HEPES [pH 7.4], 1 x Denhardt's, 100 mM dithiothreitol, 100 µg/ml yeast tRNA). Twenty microliters of probe were applied to each slide. Cover slips were applied to the slides and sealed with rubber cement. Slides were then heated to 90 C for 10 min to denature the target RNA, incubated at 52 C for 16 hr in humid chambers, rinsed in 2 x SSC at 37 C, and washed in 50% formamide/2 x SSC at 52 C for 15 min. The unbound probe was digested at 55 C for 30 min with 200 µ1 of RNAse solution (20 µg/ml RNAse A, 20 units/ml RNAse T1 in 2 x SSC, and 100 mM ethylenediaminetetraacetic acid). After RNAse digestion, the slides were washed in 50% formamide/2 x SSC at 52 C for 30 min and then in 2 x SSC at 37 C for 30 min. The slides were then dehydrated in 70% and 90% ethanol containing 300 mM ammonium acetate. The slides were dipped in NTB2 emulsion, e exposed at 4 C for 3 days, developed in D-19 developer and fixer, e stained with methyl green, and viewed with a light microscope.
Histology. Samples from ovary, oviduct, uterus, chorioallantoid, embryo, spleen, and peribronchial and prescapular lymph nodes were fixed in 10% buffered formalin, embedded in paraffin, sectioned at 5 µm, and stained with hematoxylin and eosin. 17 heifers. All the postinoculation blood samples from the heifers that were seropositive at the time of inoculation were also negative for virus isolation on Vero cells. However, BTV was isolated consistently from all postinoculation blood samples collected from the animals that were seronegative at the time of inoculation. BTV titers in the blood of these animals decreased for the first 3-4 days after inoculation and then increased slightly, peaking at postinoculation day (PID) 7 (Fig.  1) . BTV was isolated from the blood of heifer no. 457 on PID 17, but the titer was 2.5 x 10 1 pfu/ml (data not shown).
Three of the seronegative heifers (nos. 457,458,651) seroconverted between PID 8 and PID 10, as determined by the BTID test. Precipitating antibodies were not detected in heifer no. 3 ten days after inoculation (Table 2) . Neutralizing antibodies were not present in any of the BTID-negative animals before BTV inoculation, but these antibodies were present in all experimental animals 10 days after inoculation (Table  3) .
All experimental heifers had plasma progesterone values < 1 ng/ml at the day of insemination, and these values increased to > 1 ng/ml at PBD 18; indicating that these animals were pregnant at (this time. Subsequent examination by ultrasound scanning of the uterus revealed that heifer no. 3 was not pregnant by PBD 27 (6 days after virus inoculation) (Table 4 ). Plasma progesterone in this animal started to decrease 4 days Table 3 . Serum neutralization titers* for pregnant cattle exposed to BTV-11.
Results
None of the inoculated heifers developed clinical signs of BTV infection. However, the 4 heifers that were seronegative before BTV inoculation became febrile with increased rectal temperatures 1-5 days after inoculation. The rectal temperatures in the 2 seropositive inoculated animals remained under 102.5 F (39.2 C) throughout the experiment.
BTV was not isolated on embryonated chicken eggs (ECE) or on Vero cells from any of the preinoculation blood samples, regardless of the serologic status of the Table 4 . Results of ultrasound examination* of cattle exposed Table 5 . BTV isolation* from tissues of cattle exposed to BTVto BTV-11. 11.
after inoculation (PBD 25) and reached basal levels by PBD 26, indicating that the animal went through an estrous period around this time (Fig. 2) . On postmortem examination, a cystic CL was found in the right ovary of heifer no. 3. Multiple petechia were present in the prescapular lymph node and the spleen. Histologic examination of the tissues did not reveal any other significant lesion in this heifer. BTV was isolated from the spleen and prescapular lymph node of this heifer but not from the reproductive tract (Table 5 ). All other heifers had normal pregnancies throughout the experiment, as determined by ultrasound examination of the uterus and gross examination of the tissues. Heifer no. 458 had a twin pregnancy. The amniotic fluid of both embryos of this heifer showed red discoloration. Plasma progesterone levels remained high in all of these heifers until the end of the experiment (Fig. 2) . thanized 18 days after virus inoculation, nor from any of the tissues from the 2 heifers that were seropositive at the time of inoculation (heifer nos. 2 and 4) or from the tissues of the 2 seronegative and virus-negative heifers used as controls (heifer nos. 126 and 425) ( Table  5) .
No viral antigens nor BTV RNA were demonstrated in any of the frozen sections of the 8 heifers by immunofluorescence and in situ hybridization, respectively. However, clear positive signals were observed in the BTV-infected Vero cell cultures by both of these tests.
BTV was isolated from the spleen, the prescapular lymph node, and the peribronchial lymph node of heifer nos. 458 and 651, and BTV was also isolated from the uterus of heifer no. 458. BTV was not isolated from any of the tissues of heifer no. 457, which was eu-At necropsy, the only changes present were petechial hemorrhages in the spleen and prescapular lymph nodes in all virus-inoculated animals. Histologic examination of the lesions in the reproductive tract revealed mild multifocal frequent perivascular cuffing of lymphocytes in the ovaries of heifer nos. 457, 458, and 651 ( Fig. 3) . Several microthrombi were observed in the stroma of the ovary of heifer no. 457 (Fig. 4) . The spleen, prescapular lymph node, and peribronchial lymph node from all inoculated animals showed marked follicular hyperplasia and multifocal hemorrhages. No gross or microscopic lesions were found in the 2 negative controls (heifer nos. 126 and 425). 
Discussion
The 4 seronegative heifers inoculated with bluetongue virus serotype 11/UC-8 became viremic and remained viremic until the end of the experiment in spite of the appearance of neutralizing antibodies. The coexistence of virus and neutralizing antibodies in the blood of BTV-infected animals has been previously reported, 13, 27 suggesting that once an animal becomes infected, BTV is inaccessible to subsequent neutral- izing antibodies. However, the 2 animals that already had neutralizing antibodies against the same serotype failed to become viremic, confirming previous results that neutralizing antibodies may be protective against reinfection by the same serotype. 25 Although BTV was not isolated from the ovaries of any of the inoculated heifers, nor was viral antigen demonstrated by immunofluorescence or in situ hybridization, the 4 animals that had no BTV neutral-izing antibodies before inoculation showed some degree of ovarian pathology. The mild perivascular lymphocytic infiltration in the CL of heifer nos. 457, 458, and 651, the microthrombi present in heifer no. 457, and the cystic CL in heifer no. 3 suggest that BTV infection could have been related to these changes. BTV may have been present in very low titers in the ovaries of these heifers, and if the animals had been euthanized earlier, the virus probably could have been demonstrated in these samples. BTV in tissues was demonstrated only by virus isolation. Recent studies have shown that virus isolation is more sensitive than immunofluorescence and nucleic acid hybridization techniques for the detection of BTV in blood mononuclear cells of experimentally infected cattle. 7, 8 Induction of ovarian lesions but failure to isolate virus or to demonstrate viral antigens has been reported in heifers inoculated with bovine herpes I and in cattle 22, 28 with Akabane virus.
In sheep, BTV infects vascular endothelium, causing vasculitis, thrombosis, and ischemic necrosis. 20 In the bovine, BTV has never been demonstrated in vascular endothelium, but the cavitating lesions found in the brains of infected bovine fetuses indicate that vasculitis and ischemic necrosis could be the cause of these lesions. Therefore, the thrombi found in the ovary of heifer no. 457 could have been a consequence of BTV infection.
Plasma progesterone remained high in heifer no. 3 until PBD 26 and then declined to basal levels. When plasma progesterone remains high after PBD 18, there is a 90% possibility that the heifer is pregnant. 11 Although it is possible that heifer no. 3 had a long estrous cycle, it is also possible that this heifer had been pregnant and that the embryo died from direct cytotoxic effect and/or induction of luteal necrosis as a result of BTV inoculation. On necropsy, a cystic CL was found in the ovary of this heifer. This CL was the result of the ovulation that occurred 5 days after inoculation while the animal was viremic. The pathogenesis of cystic CLs in the bovine is not known, but they may result from an area of necrosis and cavitation. Bovine herpesvirus-1 (BHV-1)-induced ovarian lesions are more severe when animals are inoculated closer to the time of ovulation. 21, 23 The presence of high titers of virus in the blood during the early steps of CL formation may, expose a large number of luteal cells to the virus, and the cells thus become infected and necrotic. Later, when the CL is fully formed, only a few luteal cells are exposed to the virus and therefore only mild lesions are induced. A similar situation may occur with BTV infection. Isolation of BTV from bovine ovaries has been reported, 27 but ovarian lesions due to BTV infection have not been described, possibly because in most experiments on BTV pathogenesis, the virus strains used for inoculation have not been characterized. We used a well-characterized virulent strain of BTV-11/UC-8; [33] [34] [35] therefore, the ovarian changes may have been associated to BTV infection.
The red discoloration found in the amniotic fluid of heifer no. 457 was interpreted as a postmortem change. This heifer was hung from the hind legs immediately after euthanasia. This amniotic discoloration has been observed in bovines at slaughterhouses where the an-imals are handled in the same way (R. H. BonDurant, personal observation).
The number of animals included in this experiment is too small to make any definite conclusion about the role that BTV plays as a cause of embryo mortality in cattle. The pathology found in the inoculated animals was mild. This experiment, however, does not rule out the possibility that BTV can induce severe reproductive failure at an earlier stage of pregnancy. The time frame in which viruses can produce embryo mortality can be very narrow. BHV-1 causes pregnancy loss and significant lesions in the reproductive tract of heifers inoculated at the time of insemination and 7 days after breeding. However, only minor lesions were observed in the CLs when BHV-1 was inoculated at PBD 14, and no changes were detected when the virus was given on PBD 21. 22, 23 Whether a similar pattern occurs in heifers infected with BTV remains to be investigated. It is also possible that during cell culture passage BTV-11/UC-8 lost some of the pathogenicity that has been previously reported. 35 More experiments are needed to clarify the role of BTV in early embryonic development in the bovine. BTV could infect luteal cells right after ovulation in viremic animals when high titers of virus are present in the blood and the corpus hemorrhagicurn is developing.
